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Abstract 
The direct left turn at intersections increases delays and causes more accidents in certain conditions. Prohibiting left turns could 
increase the capacity of the road network and reduce the delays. This research aims to analyze which left turns should be 
prohibited in an urban road network to increase efficiency. Stochastic User Equilibrium (SUE), with left turn prohibition, is 
studied in this paper, by minimizing the travel time of the network. The left turn prohibition solution, the corresponding cycle 
time and green times are determined. A left turn prohibition filtering algorithm (LTPFA) is developed in this paper. The core of 
the algorithm is that the minor left turn flows have priority to be prohibited. The LTPFA succeeds to find optimal or near-optimal 
result of travel time in the shorter time compared with enumerating all left turn prohibition combinations. As the total traffic 
demands increase, the traffic network can benefit more from the left turn prohibition.   
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1. Introduction 
Direct left turn at intersections can cause problems if it is not well treated. It reduces the efficient vehicle 
movement thereby inducing capacity and increasing congestions (Corey et al., 2012; Hajbabaie et al., 2010; Bared 
and Kaiser, 2002), and can cause more accidents (Chan, 2006; Chowdhury et al., 2003). Dealing with left turns 
attracts interest in the traffic management area because it could improve traffic performance.  
Hajbabaie et al. (2010)'s research shows that removing left turns from some of the intersections reduces the 
average delay. To deal with the left turn problem, scholars mainly found two alternatives: infrastructure construction 
and signal adjustment. The most popular infrastructure solution is U-Turn or called Michigan U-Turn construction. 
By focusing on the accident rates and delays or travel time, researchers confirmed that the safety of U-Turn 
increased significantly but delays did not always improve (Liu et al., 2007; Chowdhury and Derov, 2005; 
Chowdhury et al., 2003; Bared and Kaiser, 2002; Gyawali, 2014; Lu et al., 2001; Lu et al., 2005). Other 
infrastructure alternatives are continuous flow intersections, and jughandle intersections (Gyawali, 2014; Bared and 
Kaiser, 2002). Although U-Turn performed better than signal adjustment according to Pline (1996), the strength of 
signal adjustment is the lower costs. Gyawali (2014) summarized the construction costs of U-Turn, continuous flow 
intersections and jughandle. The summary shows that the construction costs are millions of dollars. For example, it 
costed 5.2 million dollars to construct a continuous flow intersection, which was 49% higher than the cost of 
a conventional intersection. Moreover, infrastructure analysis only aims at a single intersection, such that the effect 
of efficiency on the network is missing. If a left turn is prohibited at an intersection and no extra infrastructure is 
built, then three consequential right turns, or detour in advance or detour afterwards would be the alternatives. As 
traffic flows change, the signals are readjusted. In this paper, the focus is on the network. Firstly which left turn(s) 
should be prohibited is determine, and then because of the absence of left turn phase(s), the signal timing is 
readjusted. 
The framework of our research follows Cascetta (2009) and Ben-Akiva (2007) (see Fig. 1). The demand model 
represents user travel choices depending on network conditions, and the supply model represents the transportation 
service on a link or a node. Prohibiting left turn(s) influences the traffic demand because drivers have to rearrange 
their routes, and then the link flows would change accordingly. With the new link flows, in the supply model the 
signals would be adjusted, resulting in new link costs and new signal timing. The demand model and the supply 
model are in a loop until reaching equilibrium. Originally in Cascetta's (2009) framework, link flows and link costs 
are path flows and path costs, respectively, but the concepts are quite similar after network flow propagation is 
considered, and the same for path costs. The nature of the interaction between the demand model and the supply 
model is user equilibrium and in our case the Stochastic User Equilibrium.  
 
 
Fig. 1. The framework of the left turn prohibition problem. 
Next we describe the methodology and then state the formulations. Algorithms will be explained, followed by 
a numerical example on an artificial network and conclusions. 
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Nomenclature 
ࢃ left turn prohibition solution set. 
ࡸ set of left turn links. 
۳  set of edges. 
ࡺ  set of nodes. 
ࡻࡰ set of origin-destination pairs. 
ࡷ set of paths. 
ࡳ ൌ ሼࡱǡࡺሽ road network.  
ࢗ ൌ ሼݍ௔ȁ׊ܽ א ࡱሽ   vector of link flows. 
࢚ሺࢗሻ ൌ ሼݐ௔ȁ׊ܽ א ࡱሽ  vector of link travel times. 
࢚ࢊሺࢗሻ ൌ ሼݐௗǡ௔ȁ׊ܽ א ࡱሽ  vector of link delays. 
࢝ ൌ ሼݓ௔ȁ׊ܽ א ࡸሽ vector, one solution of left turn prohibition. ݓ௔ ൌ ͳ means that the left turn is prohibited; 
ݓ௔ ൌ Ͳ, otherwise. 
ݐ௖               cycle time 
ݐீ              green time 
    Stochastic User Equilibrium. 
LTPFA    Left Turn Prohibition Filtering Algorithm. 
LTP    Left Turn Prohibition. 
2. Methodology 
The SUE is applied in the paper. The idea behind the SUE is that a traveler will select the route which he/she 
perceives to have minimum cost. It relaxes the assumption which is based on sufficient knowledge users have on 
travel cost. Sheffi (1985) has done a thorough research about SUE. Our overall objective is to minimize the travel 
time.  
2.1.  Demand model 
To find the shortest paths for all Origin-Destination (OD) pairs based on the SUE, Dijkstra (1959)'s algorithm is 
used to search the shortest path in Dial’s algorithm in this paper.  
In the stochastic route choice model, the utility function is expressed as an addition of deterministic term and 
a random term. Two stochastic route choice models are widely used: logit model and prohibit model. The main 
difference between these models is the random item expression in the utility functions. The random term of logit 
model follows Gumbel distribution, while the random term of prohibit model follows a Normal distribution. The 
logit model could be extended to other forms such as the C-logit Model (Cascetta, 1996), the Nested Logit Model 
and the Multinomial Logit Model (Ben-Akiva, 2003). In our research, the simplest version of logit model is applied.  
2.2. Supply model 
The main task in this paper is signal timing in the supply model. Webster's formula (Webster, 1958) is used to 
calculate the cycle time and green times, as it performs well and is easy to integrate into our framework. The 
Webster's formula to calculate cycle time is fit for the isolated intersection. Pohlmann (2011) computed cycle times 
for each intersection in the Webster's formula and chose the largest cycle time as the common cycle time. 
Link travel time is the only term in the cost function. Then with the new signal timing, the link travel times are 
updated. The link travel time is the sum of the free flow travel time and the link delay. Webster (1958) developed 
a delay function based on steady-state stochastic, but it only works in the undersaturated flow condition. Kimber and 
Hollis (1979) applied a transformation technique to combine steady-state stochastic and deterministic queueing 
model such that the delay estimation could be used in the oversaturated flows. Akcelik (1993) also managed to fill 
the gap between steady-state stochastic and deterministic queueing model. The delay is expressed as a uniform term 
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plus a random delay term. The author took signal timing as parameters in the delay expression which is suitable in 
our research. As the result of Akcelik (1993) generally fits the result of microscopic simulation (Dion, 2004), it is 
sufficiently reliable. 
2.3.  Decision rule 
Before prohibiting left turn(s), the travel time is the reference against the results with left turn prohibition. Only 
the left turn prohibition results with less travel time are chosen. Otherwise, the network should not prohibit any left 
turns. 
3. Formulation 
3.1. Objective function 
As it have been mentioned, the objective is to minimize the travel time which is from Sheffi (1985). A direct 
solution of the SUE is difficult, so Eq. (1) does not explain the total travel time directly. The flow pattern 
minimizing the objective function meets the SUE conditions with the minimal overall travel time. The first terms of 
Eq. (1) is the expected travel time which considers the stochastic effects. Both the second and third terms are 
relevant to the total travel time.   
݉݅݊ ݖ൫ݍሺݓሻ൯ ൌ െࢊ௢ௗ் ࢟൫ࢗሺ࢝ሻ൯ ൅ ்࢚ࢗ൫ࢗሺ࢝ሻ൯ െ෍න ݐ௔൫ݔሺݓሻ൯݀ݔ
௤ೌሺ௪ሻ
଴௔א௅
 (1) 
subject to ࢊ௢ௗ ൌ ࢫࢎ, ࢗ ൌ ࢾࢎ, ࢎ ൒ Ͳ, where: 
ࢊ࢕ࢊ ൌ ሼ݀௢ௗȁ׊݋݀ א ࡻࡰሽ is the traffic demand between OD pairs. 
࢟ ൌ ሼݕ௢ௗȁ׊݋݀ א ࡻࡰሽ is the vector of minimum expected travel time. 
ࢫ ൌ ሼ߉௢ௗ௞ȁ׊݋݀ א ࡻࡰǡ ׊݇ א ࡷሽ is the OD-path incidence matrix. ߉௢ௗ௞ ൌ ͳ if path  is the path from origin  to 
destination ;  ߉௢ௗ௞ ൌ Ͳ, otherwise.  
ࢎ ൌ ሼ݄௞ȁ׊݇ א ࡷሽ is the vector of path flow. 
ࢾ ൌ ሼߜ௢ௗ௞ȁȁ׊݋݀ א ࡻࡰǡ ׊݇ א ࡷሽ  is the link-path incidence matrix. ߜ୭ୢ୩ ൌ ͳ  if link   is on path  ;  ߜ୭ୢ୩ ൌ Ͳ , 
otherwise.  
The link flow is the function of left turn being prohibited or not, but it does not have a direct relationship between 
link flows and left turn prohibition as many factors are dependent on each other. If a left turn is prohibited, the left 
turn link flow is 0, and the flows of all relevant links are updated based on the SUE. We consider link flows as 
variables in the objective function although they are affected by left turn prohibition decisions. 
The logit model is to calculate the stochastic loading. Thus, 
௞ܲ௢ௗ ൌ
݁ିఏ௏ೖ
σ ݁ିఏ௏೔௜א௄  
(2) 
where: 
௞ܲ௢ௗ  is the of probability of path ݇ being chosen. 
ࢂ ൌ ሼ ௞ܸȁ׊݇ א ࡷሽ is the vector of the utility function of path ݇  
ߠ is the parameter in the utility function. 
3.2. Signal timing 
The cycle times are firstly calculated for each intersection. The formula of cycle time and green time are from 
Webster (1958) and Pohlmann (2011).  
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ݐ௖ ൌ
ͳǤͷσ ݐூீǡ௜ ൅ ͷ௣௜ୀଵ
ͳ െ ܤ  (3) 
subject to ݐ௖ א ሾݐ௠௜௡ǡ௖ǡ ݐ௠௔௫ǡ௖ሿ, where: 
݌ is the number of phases at one intersection. 
࢚ࡵࡳ ൌ ሼݐூீǡ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽ is the intergreen times at one intersection. 
࢙ࢗ ൌ ሼݍ௦ǡ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽ is the saturation flows at one intersection. 
࢈ ൌ ሼܾ௜ ൌ ݍ௜Ȁݍ௦ǡ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽ is the saturation flow rates at one intersection.  
ܤ ൌ σ ܾ௜௣௜ୀଵ  is the sum of saturation flow rates at one intersection. 
ݐ௠௜௡ǡ௖ is the minimum cycle time. 
ݐ௠௔௫ǡ௖ is the maximum cycle time.  
 
The green time of each phase is 
ݐீǡ௜ ൌ
ܾ௜
ܤ ൬ݐ௖ െ෍ ݐூீǡ௜
௣
௜ୀଵ
൰ (4) 
where ݐீǡ௜ ൒ ݐ௠௜௡ǡீǡ௜. ݐ௠௜௡ǡீǡ௜ is the minimum green time of phase ݅. 
If the green time of a phase is less than the minimum green time, the green time of the phase is equal to the 
minimum green time. Then the minimum green time is considered as a part of lost time because the value of the 
green time is fixed to the minimum. The cycle time should be recalculated as the actual sum of lost time increases. 
The rest of effective green time has to be accommodated according to the phase flows. 
ݐ௖ ൌ
ͳǤͷ൫σ ݐூீǡ௜ ൅ σ ݐ௠௜௡ǡீǡ௜௣ି௣ᇱ௜ୀଵ ൅ ͷ௣௜ୀଵ ൯
ͳ െ ܤԢ  
(5) 
ݐீǡ௜ ൌ
ܾ௜
ܤ ൬ݐ௖ െ෍ ݐூீǡ௜
௣
௜ୀଵ
െ෍ ݐ௠௜௡ǡீǡ௜
௣ି௣ᇱ
௜ୀଵ
൰ (6) 
where ݌Ԣ is the number of phases with minimum green time at one intersection and  ܤᇱ ൌ ܤ െ σ ܾ௜௣ି௣ᇱ௜ୀଵ . 
3.3. Travel time 
Ceylan (2004) expressed the travel time as the free flow travel time plus delay (Eq. (7)). The strength of this 
expression is compared to the BPR-function no calibration of parameters is needed. The critical term, delay, 
including the degree of saturation flows, contributes to the ongoing research.   
࢚ሺࢗሻ ൌ ࢚૙ ൅ ࢚ࢊሺࢗሻ (7) 
where ࢚૙ ൌ ሼݐ௔ǡ଴ȁ׊ܽ א ࡱሽ is the vector of free flow link travel time of link . 
The delay in Akcelik (1993) consists of two terms. The first is the uniform term and the second is the random 
term. 
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ݐௗሺݍሻ ൌ
ۖە
۔
ۖۓͲǤͷݐ௖ሺͳ െ ݑ௜ሻଶ
ͳ െ ܾ௜ ൅
଴ܰǡ௜
௜ܳ
݂݋ݎݔ௜ ൏ ͳ
ͲǤͷ൫ݐ௖ െ ݐீǡ௜൯ ൅ ଴ܰǡ௜
௜ܳ
݂݋ݎݔ௜ ൒ ͳ
 (8) 
where ࢞ ൌ ሼݔ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽ is the vector of the degree of saturation flows at one intersection. 
The values of parameters in ଴ܰ are different in isolated intersection and coordinated network. The delays in the 
network with coordinated signals is used, thus 
଴ܰ ൌ
ۖە
۔
ۖۓ
ͲǤʹͷ ௜ܳܶ ቎ሺݔ௜ െ ͳሻ ൅ ඨሺݔ௜ െ ͳሻଶ ൅
Ͷ൫ݔ௜ െ ݔ଴ǡ௜൯
ܳ௜ܶ ቏ ݂݋ݎݔ௜ ൒ ݔ଴ǡ௜
Ͳ݂݋ݎݔ௜ ൏ ݔ଴ǡ௜
 (9) 
ݔ଴ǡ௜ ൌ ͲǤ͸͹ ൅
ݍ௦ǡ௜ݐீǡ௜
͸ͲͲ  (10) 
where:  
࢛ ൌ ሼݑ௜ ൌ ݐீǡ௜Ȁݐ௖ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽ is the vector of green time ratios at one intersection. 
ࢀis the observation time period of delays. 
ࡽ ൌ ሼܳ௜ ൌ ݍ௦ǡ௜ݑ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽis the vector of capacity at one intersection.
࢞ ൌ ሼݔ௜ȁ׊݅ ൌ ͳǡʹǡ ǥ ǡ ݌ሽis the set of the degree of saturation flows at one intersection.
3.4. Left turn prohibition  
In case that no routes are accessible after LTP, ࡷ cannot be empty set after left turn(s) is prohibited; otherwise, 
feasible solutions cannot be found. 
ࡷ ് ׎ (11) 
 Eq. (12) is the decision rule to choose the left turn prohibition solution. ࢗכ is the link flows in optimal travel time.  
ܹ ൌ ሼ࢝ȁܼ൫ࢗሺ࢝ሻ൯ ൏ ܼሺࢗכሻሽ (12) 
4. Algorithms 
4.1. LTPFA 
Each left turn has two states: prohibited or not. Thus, the computational complexity of the approach is ܱሺʹ௡ሻ, 
where ݊ is the number of left turns. The exponential complexity results in long running time, especially when the 
number of left turn is large and the network is complicated. This algorithm is developed to narrow the search space.  
Pline (1996) and Hajbabaie et al. (2010) thought, carefully removing left turns improved the network 
performance when left turn demand is low.  The principle of LTPFA is that left turn(s) with small volume have 
priority to be prohibited. 
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Step 0: Calculateܼ൫ࢗሺ࢝ሻ൯ the without left turn prohibition. Denote the result as ܼሺݍכሻ  and the link flows ݍכ.  
Step 1: Rank left turn flows from כ in ascending order. Record the order in ݎܽ݊݇ሺݍ௔ሻ where  א  which records 
the index of left turn flows. 
Step 2: Prohibit left turn based on the ݎܽ݊݇ሺݍ௔ሻ one by one such that generate a sequence of  ܼ൫ݍሺݓሻ൯.  
Step 3: Record the largest index  of left turn whose ൫ݍሺݓሻ൯ ൏ ܼሺݍכሻ .  
Step 4: Build a subset ܮԢ of . ܮᇱ ൌ ሼܽȁݎܽ݊݇ሺݍ௔ሻ ൑ ݅ሽ. Assign ݓ௔ ൌ Ͳ where ܽ א ܮ െ ܮԢ because the left turns with 
large flows is not prohibited. 
Step 5: Prohibit left turns in ࡸԢ until all left turn prohibition combinations are reached. Record the optimal solution 
ݓכ and ܼ൫ݍሺݓכሻ൯.  
4.2. SUE  
The SUE algorithm is from Sheffi (1985). These processes are running for each left turn prohibition combination 
from the last algorithm.  
Step 0: Initialization. Perform a stochastic network loading based on the initial travel times. Then generate a set of 
link flows ݍଵ. The superscript is the number of iteration. Set ݊ ൌ ͳ. 
Step 1: Update. Set ݐ௡ሺݍሻ ൌ ݐ଴ ൅ ݐௗ௡ሺݍሻ. The signal timing is updated in this step.  
Step 2: Direction finding. STOCH or Dial’s algorithm (Sheffi, 1985) is applied to perform stochastic loading and 
generate auxiliary link flows ݂௡.  
Step 3: Move. Calculate the link flows for the next iteration. ݍ௡ାଵ ൌ ݍ௡ ൅ ଵ௡ ሺ݂௡ െ ݍ௡ሻ. 
Step 4: Convergence check. If convergence is reached, stop; otherwise, set ݊ ൌ ݊ ൅ ͳ, and go to Step 1.  
The convergence criteria is  
ඨσ ሺݍത௔
௡ାଵ െ ݍത௔௡ሻଶ௔
σ ݍത௔௡௔ ൑ ߢ 
(13) 
where: 
ݍത௔௡ ൌ ଵ௠σ ݔ௔௡ିଵ௠ିଵ௜ୀ଴  is the average flow of last ݉ iterations.  
ߢis a small value.
5. Numerical examples 
5.1. Test network 
The approach is applied in an artificial test network. Pedestrian is out of the network. The layout of the test 
network is represented by nodes and links (see Fg. 2(b)). There are nine intersections and the phases of each 
intersection can be found in Fg. 2(a). Two OD pairs are in the network. Table 1 shows the traffic demands between 
OD pairs.  
Denote ܽሼ݅ǡ ݆ሽ  as a link where  is the start node and  is the end node. The saturation flow of all links is 
2000 vehicle/hour. The free flow travel time of the link connecting two intersections is 200 s except ܽሼʹ͵ǡ ʹͳሽ and 
ܽሼʹʹǡ ʹͷሽ. ݐ଴ǡ௔ሼଶଷǡଶଵሽ ൌ ݐ଴ǡ௔ሼଶଶǡଶହሽ ൌ ͳͺͲ. The free flow travel time of the internal links of an intersection is 0.3 s 
because it is assumed that a car can pass the intersection very fast.   
The test network has 11 left turns. ࡸ ൌ
ሼܽሼͲǡ ʹሽǡ ܽሼ͵ǡ ͳሽǡ ܽሼ͸ǡ ͹ሽǡ ܽሼͳͲǡ ͳʹሽǡ ܽሼͳ͵ǡ ͳ͸ሽǡ ܽሼͳͷǡ ͳͶሽǡ ܽሼͳͻǡ ʹʹሽǡ ܽሼʹͳǡ ʹͲሽǡ ܽሼʹ͹ǡ ͵Ͳሽǡ ܽሼʹͻǡ ʹͺሽǡ ܽሼ͵͵ǡ͵Ͷሽሽ. The 
corresponding solution set would be ࢝ ൌ
ሼݓ௔ሼ଴ǡଶሽǡ ݓ௔ሼଷǡଵሽǡ ݓ௔ሼ଺ǡ଻ሽǡ ݓ௔ሼଵ଴ǡଵଶሽǡ ݓ௔ሼଵଷǡଵ଺ሽǡ ݓ௔ሼଵହǡଵସሽǡ ݓ௔ሼଵଽǡଶଶሽǡ ݓ௔ሼଶଵǡଶ଴ሽǡ ݓ௔ሼଶ଻ǡଷ଴ሽǡ ݓ௔ሼଶଽǡଶ଼ሽǡݓ௔ሼଷଷǡଷସሽሽ. 
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The signal timing constraints are ݐ௠௜௡ǡ௖ ൌ ͺͲݏǡ ݐ௠௔௫ǡ௖ ൌ ͳͲͲݏfor each intersection; ݐ௠௜௡ǡீ ൌ ʹͲݏǡ ݐூீ ൌ ͷݏ for 
each phase. 
 
         
Fig. 2. (a) Phase configuration for the test network; (b) Layout of the test network represented by nodes and links. 
Table 1. Origin-destination demands of the test network in vehicles/hour. 
Origin/ Destination 28 39 Origin totals 
0 1500 900 2400 
10 1200 1000 2200 
Destination totals 2700 1900 4600 
5.2. Results 
The result without LTP is computed as the reference. The travel time without LTP is 1678.55 h. After running the 
LTP, we have the solution ࢝ ൌ ሼͲǡ ͳǡ Ͳǡ Ͳǡ Ͳǡ ͳǡ Ͳǡ ͳǡ ͳǡ Ͳǡ Ͳሽ with the travel time ͳͷ͹͵ǤͶ͸. The travel time reduction 
is defined as: 
ݎ݁݀ݑܿݐ݅݋݊ ൌ ܼ௡௢௅்௉ െ ܼ௅்௉ܼ௡௢௅்௉  (14) 
Thus, the travel time with left turn prohibition is 6.26% reduced.  The cycle time is 100 s. See green time for each 
phase in Table. 2. If the green time of a phase is 0, one or two intergreen time can be distributed into other phase(s) 
such that it yields more effective green time.  
Then the simulation of the signal timing with and without LTP in VISSIM 7.0 is executed in order to observe 
how LTP works. The observation time is 3600 s. The number of simulation runs is 23 to reach the confidence 95% 
when desired confidence interval by the standard deviation of delay is equal to 1. The total travel time without LTP 
in the simulation model is 1136.43 h and the total travel time with LTP is 1073.51 h. Note this simulation is not an 
equilibrium model. The results show 9.45% reduction. 
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Table 2. Green times with left turn prohibition in seconds. 
Phase/ Intersection 0 1 2 3 4 5 6 7 8 
1 100 23 70 100 67 61 50 20 70 
2 0 67 20 0 22 29 40 70 20 
3     0     
Effective green time 100 90 90 100 89 90 90 90 90 
5.3. Evaluation of the LTPFA  
We mainly compare the running time and the result accuracy between the LTPFA and the optimization. The 
optimization results based on the enumeration method. Several OD demands are applied to test the algorithm in 
order to see how different traffic demand affects the left turn prohibition, but the influence of network infrastructure 
is not considered. The OD demands are expressed as a vector ሼ଴ǡଶ଼ǡ ଴ǡଷଽǡ ଵ଴ǡଶ଼ǡ ଵ଴ǡଷଽሽ in Table 3. In Fig. 3, we 
assign the demand of each OD pair as the same. That is ଴ǡଶ଼ ൌ  ଴ǡଷଽ ൌ ଵ଴ǡଶ଼ ൌ ଵ଴ǡଷଽ. Thus, only one demand 
value is displayed in the Fig. 3. 
 
          
Fig. 3. (a) The total time reduction in different demands; (b) Running time in different demands. 
Fig 3. (a) shows that the travel time reduction goes up as the traffic demands increase. In the congestion network, 
it is better to prohibit some of the left turns because the prohibition decision is more beneficial. However, the 
reduction goes down when the network loading is too large. As the minimum green time in the test network is 20 s, 
in the two phase intersection, the maximum green time is 70 s if no left turns are prohibited. Then the capacity is 
1400 vehicles/hour. When the demand of each OD pair is more than 1400 vehicles/hour, most of the links are 
oversaturated and no more green time can be accommodated, which could be the reason why the total time reduction 
decreases. Thus, an efficient left turn prohibition decision would be applied in the demand around the capacity.   
The LTPFA and the enumeration method have the closer or even the same travel time, but with much less 
running time (see Fig. 3 (b)). The LTPFA proves to be efficient in both the result accuracy and running time as it 
could reach the optimal or near-optimal result in less time.  
6. Conclusions 
Our framework is proposed to solve the left turn prohibition problem. This paper answers the questions which 
left turn should be prohibited and the corresponding signal timing. According to the results, prohibiting some of the 
left turns indeed reduces the travel time in the test network. The LTPFA works efficiently to find optimal or near-
-optimal results with less running time. It turns out that the small left turn flows should have priority to be prohibited.   
In this paper, the signal optimization is in the fixed time planning. The running time, although it is less after the 
LTPFA is applied, is too long to extend the method to adaptive traffic control systems when the network is 
(a) (b) 
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oversaturated. The traffic demand is the only factor to be taken in the LTP solutions; however, the LTP is also 
relevant to the infrastructure of the roads. Thus, more factors could contribute to select left turns and it is possible to 
apply it in the adaptive traffic control systems.  User behavior in the utility function and offset optimization would 
be considered in the future work.  
Acknowledgements 
This research is supported by the German Research Foundation (DFG) through the Research Training Group 
SocialCars (GRK 1931). The focus of the SocialCars Research Training Group is on significantly improving the 
city‘s future road traffic, through cooperative approaches. This support is gratefully acknowledged. 
References 
Akcelik, R. 1993. Estimation of Delays at Traffic Signals for Variable Demand Conditions. Transportation Research Part B: Methodological 
27(2), 109–131. 
Bared, J.G. and Kaisar., E.I.  2002. Median U-turn design as an alternative treatment for left turns at signalized intersections. ITE Journal Institute 
of Transportation Engineers) 72(2), 50–54. 
Ben-Akiva, M., Bottom, J., Gao, S., Koutsopoulos, H.N., and Wen, Y. 2007. Towards Disaggregate Dynamic Travel Forecasting Models. 
Tsinghua Science & Technology 12(2), 115–130. 
Ben-Akiva, M.E. and Bierlaire, B. 2003. Discrete choice models with applications to departure time and route choice. Handbook of 
Transportation Science 56(2), 7–37. 
Cascetta, E. 2009. Transportation Systems Analysis: Models and Applications. Springer, the US, pp. 1–27. 
Cascetta, E.,  Nuzzolo, A., Russo, F., and Vitetta, A. 1996. A modied logit route choice model overcoming path overlapping problems: 
specication and some calibration results for interurban networks. Proceedings of the 13th International Symposium on Transportation and 
Traffic Theory. Oxford, NY, USA: Pergamon, 697–711. 
Ceylan, H., and Bell, M.G.B. 2004. Traffic signal timing optimization based on genetic algorithm approach, including drivers routing. 
Transportation Research Part B: Methodological 38(4), 329–342. 
Chan, C.Y. 2006. Defining Safety Performance Measures of Driver-Assistance Systems for Intersection Left-Turn Conflicts. 2006 IEEE 
Intelligent Vehicles Symposium, pp. 25–30. 
Chowdhury M., Derov N, Tan P, et al. 2005. Prohibiting left-turn movements at mid-block unsignalized driveways: Simulation analysis. Journal 
of transportation engineering 131(4), 279–285. 
Chowdhury M.A., Derov N, Tan P. 2003. Evaluating the effects of prohibiting left turns and the resulting U-turn movement. Report.  
Corey J., Xin X., Lao Y., et al. 2012. Improving intersection performance with left turn phase reservice strategies. 2012 15th International IEEE 
Conference on Intelligent Transportation Systems (ITSC), 403–408.  
Dijkstra E.W. 1959. A note on two problems in connexion with graphs. Numerische mathematic  1(1), 269–271. 
Dion F., Rakha H., Kang Y.S. 2004. Comparison of delay estimates at under-saturated and over-saturated pre-timed signalized intersections. 
Transportation Research Part B: Methodological  38(2), 99–122.  
Gyawali, S. 2014. A New Decision Making Approach for Indirect Left Turn Treatments by Utilizing Decision Assistance Curves. PhD thesis. 
Hajbabaie A., Medina J.C., Benekohal R.F. 2010. Effects of ITS-based left turn policies on network performance. 2010 13th International IEEE 
Conference on  Intelligent Transportation Systems (ITSC), 80–84. 
Kimber R.M., Hollis E.M. 1979. Traffic queues and delays at road junctions. Report. 
Koonce P., Rodegerdts L., Lee K., et al. 2008. Traffic signal timing manual. Report.  
Liu P., Lu J.J., Zhou H., et al. 2007. Operational effects of U-turns as alternatives to direct left-turns. Journal of transportation engineering 133(5), 
327–334. 
Lu J., Dissanayake S., Zhou H., et al. 2001. Operational evaluation of right turns followed by U-turns as an alternative to direct left turns. Volume 
III of the report based on “Methodology to quantify the effects of access management on roadway operation and safety”. 
Lu J., Dissanayake S., Xu L., et al. 2001. Safety evaluation of right-turns followed by U-turns as an alternative to direct left turns: Crash data 
analysis. Report Submitted to the Florida Department of Transportation, University of South Florida. 
Pline J.L. 1996. Left-turn treatments at intersections.  Transportation Research Board. 
Pohlmann T. 2011. New Approaches for Online Control of Urban Traffic Signal Systems. Dissertation an der Fakultät Architektur, 
Bauingenieurwesen und Umweltwissenschaften der Technischen Universität Carolo-Wilhelmina zu Braunschweig. 
Sheffi Y. 1985. Urban transportation network. Equilibrium analysis with mathematical programming methods, Prentice Hall. 
Webster F.V. 1958. Traffic signal settings. Road Research Technical Paper No. 39. Department of Scientific and Industrial Research, Road 
Research Laboratory, London, UK. 
